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Abstract The aim of this paper is to analyze the influence
of the nature of the orthodontic archwires on the friction
coefficient and wear rate against materials used commonly as
brackets (Ti–6Al–4V and 316L Stainless Steel). The mate-
rials selected as orthodontic archwires were ASI304 stainless
steel, NiTi, Ti, TiMo and NiTiCu. The array archwire’s
materials selected presented very similar roughness but
different hardness. Materials were chosen from lower and
higher hardness degrees than that of the brackets. Wear tests
were carried out at in artificial saliva at 37 C. Results show a
linear relationship between the hardness of the materials and
the friction coefficients. The material that showed lower
wear rate was the ASI304 stainless steel. To prevent wear,
the wire and the brackets have high hardness values and in
the same order of magnitude.
1 Introduction
It is known that surface topography and the chemical
compositions of orthodontic archwires are essential func-
tional properties that influence the mechanical character-
istics of the orthodontic appliance such as: the friction
coefficient, the wear behavior, the corrosion behaviour and
therefore its biocompatibility [1].
Orthodontic appliances are commonly made of alloys
such as stainless steel (SS), Chromium–Cobalt Nickel–
Titanium (NiTi) and other alloys containing titanium such
as Nickel–Titanium–Copper (NiTiCu) and Titanium–
Molybdenum (TMA). In orthodontics, SS is normally used
in its austenitic type 18–8 (18 % chromium and 8 %
nickel). It is known as American Iron and Steel Institute
type 304 [2]. NiTi alloys used in orthodontics present an
almost equiatomic percentage of nickel and titanium.
Depending on the manufacturer the content in nickel may
range from 51.3 to 57 % and the content of titanium from
43 to 48.7 % [3–9]. In NiTiCu alloy Cu content ranges
from 5.5 to 6.9 % [10]. Commercially available NiTiCu
archwires are commonly referred to as CuNiTi in ortho-
dontic literature and daily clinical practice.
In orthodontic applications the low friction coefficient is
especially useful since the teeth movements are favored
and the forces can be transmitted to the dentition over a
lower activation period resulting in a desirable biological
response. Despite of these advantages, the lack of a low
friction coefficient makes difficult the optimize use of these
materials in Orthodontic applications. Different treatments
have been studied in order to decrease these friction values
[11–14]. The wear rates must be low because the debris
produced by the wear can be toxic in the tissue [15–18].
Orthodontic sliding mechanics are affected by many
factors that influence the behavior of the pair wire-bracket
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such as: (a) the chemical composition of the archwires and
the brackets [19], (b) the width and the size of the slot in
the bracket [20], (c) the shape, thickness and arc angles of
the archwires [21], (d) the type of ligation [22], (e) the
superficial roughness [23, 24] or (f) the environmental
medium (wet or dry) [12].
The objective of this study is to examine solely the
influence of the nature of the orthodontic archwires on the
friction coefficient and wear rate of the archwires against
the materials used commonly as brackets. The archwires
had very similar roughness, the design and geometry of the
archwires were the same in all cases and only the hardness
was different. The friction coefficients and the wear tests
were obtained in artificial saliva at 37 C.
2 Materials and methods
2.1 Materials
Fifty orthodontic archwires were studied with a rectangular
section (0.56 9 0.4 mm) from five different alloys in the
as-received condition (Table 1). The orthodontic archwires
were kindly donated by ORMCO (Ormco Corp. Glendora,
USA). The surface topography morphology and the
chemical composition were evaluated by Scanning Elec-
tron Microscope (SEM) (JEOL JSM 6400 Jeol Ltd, Tokyo
Japan) and Energy Dispersive Spectrometry (EDS) (Edax
International, Mahwah, U.S.A.).
2.2 Roughness
All samples were polished with diamond powder
(0.1–0.01 lm) in order to obtain similar roughness (no
statistically differences) between the different orthodontic
archwires tested. Thus, the surface roughness (Ra) was not
a factor to be considered in the coefficients of friction.
The roughness was measured using a laser scanning
confocal microscope system (LSCM) (Leica TCS-SP2,
Wetzlar, Germany).The microscope was previously cali-
brated using a Mitutoyo precision Reference Specimen
(Code no. 178-601) with Ra = 3.1 lm, error coefficient
was below 0.3 %. The images were processed using the
Leica Confocal software (Leica Microsystems GMBH,
Table 1 Chemical compositions of the orthodontic archwires studied (% in weight)
Orthodontic archwire material Brand Ni Ti Cu Mo Cr C Fe
Stainless steel SSRespond 14.8 3.0 18.0 0.02 64.2
TiMo TMA 87.0 13.0
Ti Reamatitan 99.9 0.1
NiTi OrmcoNiTi 55.8 44.1
NiTiCu Ormodent 49.1 45.2 5.7
Fig. 1 Schematic pin-on disk
test used in these experiments
Table 2 Chemical composition of artificial saliva
Chemical product Concentration (g/dm3)
K2HPO4 0,20
KCl 1,20
K S CN 0,33
Na2HPO4 0,26
NaCl 0,70
NaHCO3 1,50
Urea 1,50
Lactic acid Until pH = 6,7
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Wetzlar, Germany). Micrographs corresponding to 750
linear micrometers were taken. We randomly selected five
areas of 10,000 lm2 from each topographic image and
measured the roughness. Then the Ra, Rms, Rp and Rv
values obtained in each area were averaged. The Ra and
Rms represent the arithmetical mean of the absolute values
and the root-mean-square value of the scanned surface
profile, respectively. The Rp and Rv represent the higher
and lower values of the scanned profile. So, for roughness
studies we analyzed five areas from five samples of each of
the five archwires (n = 125).
2.3 Hardness and wear
Vickers Hardness tests were performed with a high-preci-
sion Matzsuzawa microhardness tester, applying a 1 kg
load for 15 s.
Adhesive wear tests were performed in a CSM pin-on-
Disk tribometer, in accordance to the ASTM-G99 standard,
in salivary medium at 37 C. The underlying principle on
this test could be called wire-on-disk because of its analogy
with the pin-on-disk test.
As shown in Fig. 1, the orthodontic archwires were
carefully affixed with cyanoacrylate adhesive in a bakelite
holder, without adhesive residues, on the wire surface to be
tested. The contact wire plane and the disc were in the lon-
gitudinal direction to simulate full-arc contact bracket. The
tribometer was immersed inside a polymethylmethacrilate
container in which artificial saliva solution was circulated
with a temperature control at 37 C (±1 C). The chemical
composition of the artificial saliva is showed in Table 2.
An angular velocity of the disks of 0.5236 rad/s and a
normal load 10 N were used. Ideally, the normal load on
the wire should have been around 1 N to simulate the load
in service (in which typical values range from 0,196 to
0,98 N load). However, 10 N were employed to ensure that
there was a full contact between both surfaces that could
influence the determination of the coefficients of friction.
The dynamic friction coefficients l (the proportionality
constant between the friction force and the normal force)
were determined and the wear rates (volume loss) for the
orthodontic archwires against the materials commonly used
for the brackets (manufactured in 316 SS and Ti–6Al–4V)
were also measured.
As the wear test was being performed, gravimetric
measures were controlled in a Sartorius Micro Balance
CPA26P, in order to determine the weight loss over time by
means of a high-precision set of scales. The sensitivity of
these measures was ± 0.001 mg. With fixed density, the
weight lost can be stated as volume loss.
The data were statistically analysed using Student’s
t tests, one-way ANOVA tables and Turkey’s multiple
comparison tests in order to evaluate statistically signifi-
cant differences between the sample groups. The differ-
ences were considered significant when P value\0.05. All
statistical analyses were performed with MinitabTM soft-
ware (Minitab release 13.0, Minitab Inc., USA).
3 Results and discussion
According to ISO 25178 standard, the amplitude parame-
ters Ra, Rv, Rp and Rms characterize the surface based on
the vertical deviations of the roughness profile from the
mean line. Table 3 shows that all these parameters were
very similar between the different orthodontic archwires.
Ra values of materials tested showed no statistically sig-
nificant differences. This is important because it allows us
to eliminate the effect of Ra on the coefficients of friction
and wear rates studies.
Table 3 Roughness of the different orthodontic archwires studied
Orthodontic archwires materials Roughness (10.000 lm2)
Ra Rms Rv Rp
Stainless steel ASI304 0.42 ± 0.09 0.51 ± 0.09 2.31 ± 0.29 1.20 ± 0.33
TiMo alloy 0.46 ± 0.08 0.61 ± 0.12 3.46 ± 0.35 2.76 ± 0.29
Ti cp 0.42 ± 0.07 0.71 ± 0.18 1.45 ± 0.39 1.53 ± 0.19
NiTi alloy 0.40 ± 0.05 0.65 ± 0.12 2.60 ± 0.34 2.09 ± 0.22
NiTiCu alloy 0.44 ± 0.09 0.60 ± 0.08 2.30 ± 0.39 2.23 ± 0.23
Table 4 Hardness values (Vickers hardness number, HVN) of
orthodontic archwires and disks used in the pin-on-disk test
Orthodontic archwire material Hardness (HVN)
Stainless steel ASI304 484 ± 1
TiMo alloy 378 ± 2
Ti (cp) 220 ± 1
NiTi alloy 170 ± 1
NiTiCu alloy 278 ± 2
Against material
Ti–6Al–4V alloy 353 ± 1
Stainless steel (316L) 435 ± 3
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The hardness test showed that the maximum hardness
was obtained for the ASI304 SS (484 HVN) compared with
the minimum value for the NiTi alloy (170 HVN). The
hardness of different archwires can be observed in Table 4.
Since the area of the archwires is quite small (0.56 9
0.4 mm), the minimum distance between indentations and
the distance from the indentation to the edge of the wire
must be taken into account to avoid interaction between the
work-hardened regions and effects of the edge. According
to ASTM E384 standards, the minimum distance was 2.5
times the indentation diameter.
The results of the wear tests performed on the achwires
under scrutiny on the two different types of brackets (316L
SS and the Ti–6Al–4V alloy) provided the values for the
dynamic friction coefficient (l) as it can be seen in
Table 5.
A study of the related literature showed that a large
number of formulations providing a practical simulation of
the chemical conditions occurring in the mouth had been
used for different studies [25]. In this study, the chemical
composition of the artificial saliva solution used is shown
in Table 2. These components allowed creation of artificial
saliva with a surface tension close to real. Although the
viscoelasticity of natural saliva is slightly different, this
artificial saliva has a pH and ionic concentration closest to
that of natural saliva.
In the one hand it can be observed that the archwire that
showed most hardness (SS) is also the one with least
dynamic friction coefficient (0.26), whilst the archwire with
the least hardness (NiTi) is the one that has the highest l.
Titanium archwires exhibit a linear behavior deviation
due to the crystallographic textures of hexagonal structures
of the alpha phase. It is well known, that titanium has a
high anisotropy and its mechanical properties depend
strongly on the mechanical requirements [26].
These results are logical since with decreased hardness,
a material experiences a larger plastic deformation on the
surface level through the wear process. With a decrease in
hardness, the abrasive or adhesive wear mechanisms will
occur and they will produce a progressive increase of the
Ra and the formation of debris. In these instances the
Dynamic Friction coefficient will be larger since the forces
that had to be applied to slide both bodies are larger.
Also, It can be observed, that for the same archwire,
when a test is performed on a material that is harder
(bracket) the values of (l) are slightly larger. For example,
for the TiMo alloy the value for the (l) goes from 0.31
(Ti–6Al–4V) to 0.39 (SS 316L).
Table 5 Dynamic friction coefficients of orthodontic archwires obtained against two reference materials Ti–6Al–4V and 316L SS
Material Stainless steel ASI304 TiMo Ti (cp) NiTi NiTiCu
Ti–6Al–4V (353 ± 1 HVN) 0,26 ± 0,01 0,31 ± 0,02 0,33 ± 0,01 0,51 ± 0,05 0,44 ± 0,03
Acero (316L) (435 ± 3 HVN) 0,32 ± 0,02 0,39 ± 0,02 0,41 ± 0,03 0,56 ± 0,02 0,47 ± 0,01
Table 6 Wear rate of orthodontic archwires (volume worn in mm3/h) obtained against two reference materials Ti–6Al–4V and 316L SS
Material Stainless steel SI304 TiMo Ti (cp) NiTi NiTiCu
Ti–6Al–4V (353 ± 1 HVN) 0,0054 ± 0,0001 0,0086 ± 0,0002 0,0102 ± 0,0006 0,0153 ± 0,0008 0,0120 ± 0,0007
Stainless steel 316L (435 ± 3 HVN) 0,0062 ± 0,0009 0,0093 ± 0,0021 0,0113 ± 0,0009 0,0193 ± 0,0008 0,0131 ± 0,0007
Ti
NiTi
NiTiCu
SSTiMo
Fig. 2 Relationship between the friction coefficient and hardness of
each orthodontic archwires tested with Ti–6Al–4V and 316L SS discs
Fig. 3 Relationship between wear rate and hardness of each ortho-
dontic archwires tested with Ti–6Al–4V and 316L SS discs
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This is an important note since the greater hardness of
the bracket material with respect to the archwire can cause
premature wear and, thus, imply a decrease in the system’s
efficiency.
The wear velocity (mm3/h) as a function of the reference
material is shown in Table 6. The results showed, analo-
gously to the ones shown before, a clear decrease of the
wear velocity with a decreased dynamic friction coefficient
and when the test is done on a bracket with lesser hardness,
which in this instance it would be with Ti–6Al–4V.
In order to study the relationship between the hardness
of the archwires and wear behavior the data regarding
hardness with respect to wear and wear velocity was
plotted. In both, Fig. 2 and 3, the data obtained with the
Ti–6Al–4V and SS 316L were included.
Clear lineal relationship between hardness and the wear
behavior can be observed. The greater the hardness of the
archwire, the lesser the dynamic friction coefficient and
thus, better the sliding between the archwire and the
bracket. This fact is corroborated with the results obtained
on the wear velocity as expressed in Fig. 3.
Therefore, if we only account for the wear criterion, it is
best to use materials with similar hardness values (high) in
the manufacture of both the brackets and the archwires.
If there is a noticeable difference in the hardness between
the two components, one of them can be subject to a sig-
nificant plastic deformation which would in turn create some
debris. It has been shown in prior research [27] that these
debris can have a negative effect in both ion release and
increased wear due to the roughness increase. Also, the
presence of these debris can lead to abrasion mechanisms by
a third body which would in turn lead to premature wear. As
an example, in Fig. 4 can be observed the NiTi debris and the
surface of the NiTi orthodontic archwire after the wear test.
4 Conclusions
It is reported that when the orthodontic archwires are
exposed to the intraoral environment they can give rise a
significant increase in the degree of debris, Ra, and fric-
tional force [H]. So it is necessary to pay more attention to
the archwire/brackets mechanical properties of as-received
materials. This study has shown a linear relationship
between the hardness of the materials and the friction
coefficients l. Independently of other factors that may
affect the sliding between the wire and the brackets, the
hardness values of both components must be high and of
the same order.
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